Abstract. With its height-resolved measurements and near global coverage, the CALIOP lidar onboard the CALIPSO satellite offers a new capability for aerosol retrievals in cloudy skies. Validation of these retrievals is difficult, however, as independent, collocated and co-temporal data sets are generally not available. In this paper, we evaluate CALIOP aerosol products above opaque water clouds by applying multiple retrieval techniques to CALIOP Level 1 profile data and comparing the results. This approach allows us to both characterize the accuracy of the CALIOP above-cloud aerosol optical depth (AOD) and develop an error budget that quantifies the relative contributions of different error sources. We focus on two spatial domains: the African dust transport pathway over the tropical North Atlantic and the African smoke transport pathway over the southeastern Atlantic. Six years of CALIOP observations (2007)(2008)(2009)(2010)(2011)(2012) from the northern hemisphere summer and early fall are analyzed. The analysis is limited to cases where aerosol layers are located above opaque water clouds so that a constrained retrieval technique can be used to directly retrieve 532 nm aerosol optical depth and lidar ratio. For the moderately dense Sahara dust layers detected in the CALIOP data used in this study, the mean/median values of the lidar ratios derived from a constrained opaque water cloud (OWC) technique are 45.1/44.4 ± 8.8 sr, which are somewhat larger than the value of 40 ± 20 sr used in the CALIOP Level 2 (L2) data products. Comparisons of CALIOP L2 AOD with the OWC-retrieved AOD reveal that for nighttime conditions the L2 AOD in the dust region is underestimated on average by ∼ 26 % (0.183 vs. 0.247). Examination of the error sources indicates that errors in the L2 dust AOD are primarily due to using a lidar ratio that is somewhat too small. The mean/median lidar ratio retrieved for smoke is 70.8/70.4 ± 16.2 sr, which is consistent with the modeled value of 70 ± 28 sr used in the CALIOP L2 retrieval. Smoke AOD is found to be underestimated, on average, by ∼ 39 % (0.191 vs. 0.311). The primary cause of AOD differences in the smoke transport region is the tendency of the CALIOP layer detection scheme to prematurely assign layer base altitudes and thus underestimate the geometric thickness of smoke layers.
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Introduction
Beginning with the first Intergovernmental Panel on Climate Change (IPCC) assessment, tremendous progress has been made in modeling the global impacts of aerosols on the Earth's climate. Nevertheless, as summarized in the most recent 5th assessment report (Stocker et al., 2013) , significant uncertainties remain. Recent model intercomparisons have shown a large diversity in the vertical distribution of aerosols Textor et al., 2006; Huneeus et al., 2011) which can be attributed more to uncertainties in the simulation of aerosol processes than in the realism of the aerosol precursor emissions used by the models. Errors in modeling the vertical distribution of aerosols cause errors in the aerosol atmospheric lifetime and global distribution. In cloudy skies, aerosol radiative forcing can be a strong function of the relative vertical distributions of cloud and aerosol. While comparisons with observations are clearly necessary to evaluate and improve model performance, until recently global measurements of aerosol vertical distribution were notably lacking, largely because previous generations of space-based passive sensors had only limited abilities to retrieve aerosol properties in cloudy skies. (The advent of innovative new retrieval techniques suggests that this situation is now changing for the better; e.g., see Waquet et al., 2009; Torres et al., 2012; Yu et al., 2012; Jethva et al., 2013; and Waquet et al., 2013;  and an overview by Yu and Zhang, 2013) . However, beginning in June 2006 a global data set of height-resolved measurements of aerosols and clouds has been continuously acquired by the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), deployed aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) platform. These active sensor data offer a new and unique opportunity to characterize the global three-dimensional (3-D) distribution of aerosols, including aerosols located above low clouds . Aerosol extinction profiles and aerosol optical depth (AOD) can be derived from the CALIOP measurements even for aerosols located over clouds or other bright surfaces. CALIOP's ability to quantify the spatial distribution and optical properties of above-cloud aerosols represents an important step forward, as this information is required to more accurately assess aerosol intercontinental transport and radiative and climate impacts Chand et al., 2009; Yu et al., 2012) .
CALIOP retrievals of AOD in cloud-free skies have been evaluated by comparisons with MODIS-Aqua (Kittaka et al., 2011; Redemann et al., 2012) and with AERONET (Schuster et al., 2012; Omar et al., 2013) . Other studies have examined seasonal and regional-mean aerosol vertical distributions for the purpose of model evaluation (Yu et al., 2010; Koffi et al., 2012) and noted deficiencies in the vertical aerosol distributions predicted by the models. Winker et al. (2013) reported an initial evaluation of the accuracy of the CALIOP Level 3 (L3, gridded, monthly mean) aerosol extinction profiles. These preliminary results showed that monthly-mean CALIOP aerosol profiles provide quantitative characterization of elevated aerosol layers within major transport pathways, but a more detailed validation of the retrievals of these elevated aerosol layers is needed. Most recently, Kacenelenbogen et al. (2014) evaluated the CALIOP above-cloud aerosol retrieval, by comparing the CALIOP retrieved AOD with the AOD measured by the NASA Langley Research Center (LaRC) airborne high-spectral-resolution lidar (HSRL) during 86 coincident flights in North America (mostly in the US and during daytime). Their comparison showed that the CALIOP standard processing can substantially underestimate the occurrence frequency of aerosols when optical depths are smaller than 0.02. This study provides a useful snapshot of CALIOP measurements of tenuous aerosol layers in the free troposphere.
In this paper, we refine a previously developed opaque water cloud (OWC) constrained retrieval technique and introduce two variations on the standard CALIOP aerosol extinction retrieval algorithm. We then apply these retrievals to six years of nighttime CALIOP 532 nm Level 1 (L1) profile data in two regions in the Atlantic Ocean to study the optical properties of transported mineral dust and smoke from biomass fires. Finally, these results are used to evaluate the quality of standard CALIOP Level 2 (L2) aerosol products and to quantify the contributions from several potential error sources.
Spatial domains considered
The spatial domains considered in this paper are shown by the red boxes in Fig. 1 . North Africa is the largest source of dust emissions in the world, injecting large amounts of dust into the atmosphere year round (D. . Transport of Saharan dust across the tropical North Atlantic reaches a maximum during the summer. Cool, moist northeasterly air crossing the Mediterranean into Africa experiences intense heating over the arid continent (e.g., Carlson and Prospero, 1972; Karyampudi et al., 1999) . Air over the Sahara is advected westward in the predominantly easterly flow, developing into a dust-laden, well-mixed layer extending from the desert surface to an altitude of several kilometers. As this hot, dry air emerges from the west coast of North Africa, the base of the air mass rises quickly because it is undercut by the relatively cool and moist trade winds. During summer, dust layers are usually confined within the free troposphere by two inversions, one above the dust layer and one below, and are transported westward over several thousand kilometers into the Caribbean and as far as Central America and the Amazon basin. The unique capability of the CALIOP lidar to track this transatlantic transport and to capture the vertical structure of African dust has been documented previously . For this work we select a region (10-30 • N, 50-15 • W) over the North Atlantic where the dust transport is most active and prolific. More importantly, within this region there are extensive stratocumulus decks that lie at the top of the marine boundary layer (MBL) and beneath the dust layers. When these clouds are opaque, the 532 nm cloud-integrated attenuated backscatter can be used to derive the optical depth of the overlying aerosol, which can subsequently be used to retrieve an estimate of the dust lidar ratio (i.e., the ratio of extinction to 180 • -backscatter, . Only the most active dust transport months of June-August are considered.
The other region selected is over the southeastern Atlantic off the west coast of southern Africa. Savanna fires are one of the largest sources of black carbon emissions to the atmosphere, with southern Africa being one of the major source regions (Bond et al., 2013) . Southern Africa is characterized by intense biomass burning during boreal summer (JuneOctober) (Cooke et al., 1996) and African savannas are the largest single source of biomass burning emissions (Levine et al., 1995) . Extensive smoke plumes are advected westward to the southeastern Atlantic. Climate model studies have shown that the climate sensitivity to black carbon can be two or more times larger than that to carbon dioxide for a given topof-atmosphere radiative forcing (Hansen et al., 1997; Cook and Highwood, 2004) . While it is well known that biomass burning aerosols can make a significant contribution to radiative forcing, this contribution is poorly quantified (e.g., Chand et al., 2009) . Smoke layers over the southeastern Atlantic generally overlie vast decks of stratocumulus clouds. There is no consensus among models as to even the sign of the direct aerosol forcing in this region , in part due to the uncertainty in model-based estimates of the relative vertical locations of the clouds and the transported smoke. Recent studies based on CALIOP observations have investigated the magnitude of the aerosol radiative effect over this region (Chand et al., 2009; Sakaeda et al., 2011) . The presence of persistent stratocumulus underneath the smoke layer allows application of the OWC constrained retrieval technique, thus providing an independent retrieval for comparison with the standard CALIOP products. The months considered are from July to September over the six year period (2007) (2008) (2009) (2010) (2011) (2012) .
Methodology
In this section we briefly describe the lidar inversion techniques and the algorithms used in CALIOP standard data processing. We also review the opaque water cloud constrained retrieval technique ) which we will use to directly derive the aerosol optical depths above clouds for comparison with the CALIOP standard retrievals. In addition, a rescaling technique applied to the CALIOP L2 data and full-column retrievals that make direct use of the CALIOP L1 data will be used to help further assess the performance of the standard retrieval and to partition contributions of different error sources to the AOD uncertainties.
Solutions of lidar equation
The standard CALIOP data processing retrieves aerosol extinction and backscatter coefficients from the measured profiles via a numerical solution to the lidar equation . By assuming that the relationship between aerosol extinction and backscatter remains constant within any given layer, the aerosol lidar ratio (i.e., extinctionto-backscatter ratio) is defined by S a = σ (r)/β(r), and the solution to the lidar equation can be written as
In this expression B (r) = X(r)/C/ exp(−2 r r 0 σ m dr ) is the lidar return signal, normalized (i.e., recalibrated) at r 0 and corrected for molecular attenuation. X(r) is the rangecorrected lidar return signal at range r, C is a calibration coefficient determined at the calibration range r 0 , and σ m is the extinction coefficient due to molecular scattering and ozone absorption. β a and β m are the aerosol and molecular backscattering coefficients, respectively, with subscripts a and m representing the aerosol and molecular scattering, respectively. η is the multiple scattering factor (Platt, 1973) , and S * a = ηS a is the effective lidar ratio. The molecular scattering components can be determined using meteorological data from radiosonde measurements or atmospheric models. In the CALIOP data processing, a global meteorological analysis product from NASA's Global Modeling and Assimilation Office (GMAO) is used to calculate the necessary molecular backscatter and extinction coefficients. For Version 3 (V3) CALIOP lidar retrievals, the data calibration at 532 nm is performed by comparing return signals from 30-34 km altitudes with a molecular reference profile . Assuming that S a and η can be specified a priori, the remaining unknown quantity in Eq. (1) is β a (r), which is present on both sides of the equation, thus necessitating an iterative numerical solution.
The aerosol lidar ratio, S a , is a key parameter in the lidar inversion. S a is an intrinsic optical property of aerosols that varies depending on the aerosol composition, size distribution, and shape. Once S a is determined, both the aerosol backscatter coefficient, β a , and extinction, σ a , can be retrieved. The retrieval accuracy is often dominated by uncertainties in S a (Young et al., 2013) .
CALIOP data and standard Level 2 retrieval
CALIOP transmits linearly polarized laser light at 532 nm and 1064 nm. The CALIOP receiver resolves the polarization state of the 532 nm backscatter signals by separately measuring light polarized parallel and perpendicular to the polarization plane of the outgoing 532 nm beam. Backscatter signals are sampled at a vertical resolution of 30 m below an altitude of 8.2 km and at 60 m between 8.2 km and 20.2 km. The primary CALIOP L1 data products are calibrated attenuated backscatter profiles measured for each laser shot corresponding to a horizontal resolution of 333 m. Because of the presence of some amount of stratospheric aerosols in the V3 calibration region (30-34 km), the V3 L1 profiles can be biased low by a few percent (Rogers et al., 2011) . To correct this, all the V3 L1 profiles were recalibrated for this paper using calibration coefficients determined at altitudes of 36-40 km (Vernier et al., 2009) .
After calibration and range registration, atmospheric layers are detected using a threshold technique, referred to as the selective iterative boundary locater (SIBYL), applied to profiles of 532 nm attenuated scattering ratio . Dense clouds can be detected in single-shot profiles, while detection of aerosol layers usually requires averaging of multiple lidar shots. A nested, multi-grid averaging scheme is employed to maximize layer detection probabilities across the broadest possible range of backscatter intensities. To avoid cloud contamination of the aerosol data, boundary layer clouds detected at single shot resolution are identified and removed before further horizontal averaging and subsequent searches for more tenuous layers . After layer detection, a cloud-aerosol discrimination (CAD) algorithm is applied to separate clouds and aerosols . This CAD process is followed by an algorithm which determines the aerosol type. Six aerosol types have been defined for the CALIOP retrieval (Dust, Polluted Dust, Marine, Clean Continental, Pollution, and Smoke or Biomass Burning). Each aerosol type is characterized by a mean lidar ratio that varies from 20-70 sr . Aerosol extinction is then retrieved at 532 nm and 1064 nm, using lidar ratios selected according to the aerosol typing results ). Aerosol extinction retrievals are only performed within detected layers, as the CALIOP signal-to-noise ratio (SNR) does not permit high quality retrievals in clear air at the spatial resolution of the L2 products.
The retrieval requires knowledge of the layer multiple scattering factor, η, and layer lidar ratio, S a . Our simulations (Winker, 2003; Liu et al., 2011) have shown that multiple scattering is a small effect within moderately dense dust layers and insignificant for smoke (see also Fig. 9 in Sect. 4.2 that supports the idea that multiple scattering effects in moderate dust are small). In the V3 aerosol retrieval, η = 1 for all aerosol species.
S a is generally selected based on the results of the aerosol typing, though it can be derived directly on rare occasions when the air above and below an aerosol layer is free of particles (e.g., as in Young, 1995; Young and Vaughan, 2009) . Aerosol layers are detected iteratively by SIBYL at horizontal resolutions of 5 km, 20 km, and 80 km and the L2 retrieval is performed for all aerosol layers detected at each of these resolutions. Extinction and backscatter profiles are populated in the CALIOP L2 aerosol profile products at a 5 km horizontal resolution. For the layers detected at 20 km or 80 km, the retrieved extinction and backscatter coefficients are replicated over, respectively, 4 or 16 consecutive 5 km profile segments.
Rescaling Level 2 AOD
In addition to noise, which is the primary source of random error in the CALIOP measurements and the corresponding L2 data products, there are also other sources of error in the derivation of AOD. These include failure to detect the full extent of aerosol layers, due either to SNR-imposed detection limits or algorithm deficiencies, misclassification during aerosol typing, and/or the use of an inaccurate lidar ratio. We cannot simply estimate the AOD error as proportional to the lidar ratio error because the relationship is nonlinear . Instead, to evaluate the impact of lidar ratio errors on AOD due to misclassification of aerosol type, we calculate a rescaled AOD using a procedure similar to the method described in Lopes et al. (2013) .
a. Integrate the above-cloud aerosol extinction profile to obtain an above-cloud column AOD estimate, τ above , based on the L2 aerosol type and lidar ratio assignments.
b. Use τ above , the S a assigned by the CALIOP aerosol subtyping algorithm, and an assumed multiple scattering factor of η = 1 to derive an estimate of the layer integrated attenuated backscatter via Platt's equation (Platt, 1973) :
where T 2 a (0, r) = exp −2 r 0 σ a r dr is the aerosol two-way transmittance between the lidar and the aerosol volume. For cases where multiple aerosol layers are detected and classified as different aerosol types in the column above an opaque water cloud, Eq. (2) becomes
, where i type represents the layer aerosol type, and S a (i type ) and τ above (i type ) are, respectively, the lidar ratio and the optical depth retrieved for the aerosol of type i type .
c. Using γ eff and the lidar ratio for the appropriate aerosol type (dust or smoke), derive an estimate of the rescaled AOD using
where once again η = 1 and S a,model is either 40 sr (dust) or 70 sr (smoke).
This procedure is applied in the dust and smoke transport regions, assuming that only dust or smoke is the dominant , while the biomass burning is only active in southern Africa (Haywood et al., 2008) . Furthermore, while southern Africa has a large area of arid terrain, it is not a major source of dust production (Washington et al., 2003) . A study based on the first year of the CALIOP measurements (D. revealed that the occurrence frequency of airborne dust over the southern Africa was small (only a few percent for some locations), suggesting that the dust from sources in southern Africa is not readily mobilized by the typical meteorology of the area (Washington et al., 2003) . Therefore, the occurrence of dust mixed with smoke (i.e., "polluted dust") is expected to be small in both regions examined in this study.
Opaque water cloud constrained retrieval
When the layer optical depth is available as a constraint, β a , σ a and S a (or the effective lidar ratio, S * a = ηS a , when multiple scattering effects must be considered) can all be retrieved directly. One well-developed technique to determine the layer optical depth uses the molecular scattering above and below the layer to derive the required constraint (Sassen and Cho, 1992; Young, 1995) . When the molecular scattering can be measured in clean air on both sides of a layer, the transmittance (and hence the optical depth) of the layer can be derived by comparing the return signals above and below the layer to a molecular scattering profile derived from rawinsonde measurements or meteorological model data. This technique is applied to the CALIOP measurements at 532 nm for transparent cirrus clouds in the upper troposphere where the air is generally clean both above and below the clouds . Aerosol layers are, however, generally located in the lower troposphere and such clean regions are seldom available. developed a technique for the CALIOP measurements that uses opaque water clouds as a reference to determine the optical depth of overlying transparent aerosol or cirrus layers (e.g., as in Fig. 4 ). This approach takes advantage of the relatively small variation of water cloud lidar ratios (e.g., Pinnick et al., 1983; O'Connor et al., 2004; Hu et al., 2006) , and the well-behaved relationship between the layer-integrated depolarization ratio and the multiple scattering in the layer-integrated attenuated backscatter from water clouds, as described in by
where H is the layer effective multiple scattering factor and δ I is the layer-integrated volume depolarization ratio, and the subscripts WC, SS and TS represent, respectively, water clouds, single scattering and total scattering (single scattering + multiple scattering). The multiple scattering factor that is considered constant in Eq.
(1) was originally defined in terms of the ratio of single-scattered and multiply-scattered signals from range r, such that η(r) = 1 − ln B TS (r)/B SS (r) /2τ (r) (Platt, 1973) . On the other hand, it is more straightforward to define H as the ratio of the integrated attenuated backscatter from single scattering only (γ WC, SS ) to the total integrated attenuated backscatter, which includes contributions from multiple scattering
B (r)dr is the layer-integrated attenuated backscatter calculated from opaque water clouds measured by CALIOP , and thus includes not only multiple-scattering effects but also additional attenuation from any overlying cloud or aerosol layers . The layer-integrated attenuated single-scattering backscatter for a cloud with no aerosol (NA) located above can be calculated using Platt's equation:
, for opaque water clouds (τ 3).
The last expression holds for water clouds with optical depths greater than about 3. S WC is the water cloud lidar ratio and τ is the cloud optical depth. From Mie calculations based on in situ measurements of water cloud size distributions (Hu et al., 2006 ; also see Fig. 2 ), S WC is found to vary insignificantly for a wide variety of water clouds, having a mean value of 18.9 sr and a standard deviation of 0.25 sr over ocean and 0.47 sr over land. The presence of a semi-transparent aerosol layer above an OWC will reduce γ WC, SS, NA (r) by an amount equal to the two-way transmittance, exp(−2τ aerosol ), of the aerosol layer; i.e., γ WC, SS = exp(−2τ aerosol )γ WC, SS, NA , where τ aerosol is the optical depth Effective Radius (m) Figure 2 . Water cloud lidar ratios calculated as function of effective droplet radius; red crosses and blue diamonds use in situ measurements of droplet radius (Miles et al., 2000) , whereas green squares are derived from modeled distributions for clouds having larger droplet sizes.
of the overlying aerosol layer . Therefore,
The layer-integrated depolarization ratio within the cloud layer, δ I , is calculated from the perpendicular and parallel components of attenuated backscatter measured at 532 nm, β ⊥ and β || ,
The AOD determined using the OWC technique can be used as a constraint to retrieve the backscatter and extinction profiles and lidar ratio of the overlying aerosol layer. For the cases selected and analyzed in this paper, the underlying clouds are opaque boundary layer clouds with cloud-tops lower than 2 km. Given the relatively small footprint of the CALIOP lidar (100 m), for single-shot retrievals, it is not necessary that the clouds be overcast on any significant horizontal scale, and the retrieval appears to work even in broken stratocumulus. A closer examination shows that the temperatures at the top of these opaque clouds typically range from 8 • to 25 • , confirming that these clouds are water. Retrievals from measurements made by passive satellite sensors such as MODIS (Zhang and Platnick, 2011) produce effective radii for water clouds that are often larger than those obtained from in situ measurements (Miles et al., 2000) . To represent these larger droplet sizes we have extended the previously reported Mie calculations to cloud particle sizes larger than 15 µm. The results are presented in Fig. 2 (solid green squares). For these larger effective radii, the water cloud lidar ratio shows a significant dependence on droplet size. Furthermore, the possibility of encountering these large droplet sizes precludes the use of a theoretical calculation of S WC and highlights the need to use an empirically derived, location-dependent γ WC, SS, NA in the OWC AOD retrieval.
We examined γ WC, SS, NA and S WC = 1/2γ WC,SS,NA for opaque water clouds based on the CALIOP measurements made during June-September from years 2007-2012. γ WC, SS, NA is calculated using γ WC, SS, NA = γ WC, TS, NA H, where γ WC, TS, NA = r WC,base r WC,top B (r)dr is the integrated attenuated backscatter of an opaque water cloud layer, r base and r top are, respectively, the base and top of the cloud and H is calculated using Eq. (4) from the layer-integrated depolarization ratio δ I of the cloud as defined in Eq. (7). Regional maps of γ WC, SS, NA and S WC are presented in Fig. 3 . Results shown are based on profiles where no aerosols or clouds were detected by the feature finding algorithms above those opaque water clouds with tops below 2 km. To further ensure aerosolfree conditions above the cloud top, the layer-integrated attenuated scattering ratio (ASR), Figure 3 also shows the spatial dependence of the retrieved values of γ WC, TS, NA (3c), H (3d), γ WC, SS, NA (3e) and S WC (3f), with most OWCs being found over the oceans (panels (3a) and (3b)). S WC is generally larger (i.e., smaller droplet sizes, refer to Fig. 2 ) over the downwind coastal regions or along the aerosol transport pathways and smaller (larger cloud droplet sizes) in the South Atlantic than in the North Atlantic. This spatial distribution pattern is generally what is expected for the distribution of low cloud droplet sizes. The largest difference between theoretical expectations and the empirically derived values of γ WC, SS, NA is a northeastward decreasing trend from ∼ 0.03 to ∼ 0.023 sr −1 seen in the smoke transport region. Given this variability, the use of a constant γ WC, SS, NA or S WC could introduce errors as large as ∼ 0.1 in the retrieved AOD. For this reason, Eq. (6a) and a regionally varying γ WC, SS, NA are used to derive AOD in this paper. On the other hand, γ WC, TS, NA shows a different spatial distribution pattern. It is generally larger over the eastern Atlantic close to the African continent. This may indicate a larger number concentration of the cloud droplets. γ WC, TS, NA includes contributions from multiple scattering and multiple scattering generally increases as the number concentration of water droplets increases. Figure 4 shows an example of (a) the CALIOP measured attenuated backscatter and (b) the ratio of attenuated backscatter (or color ratio) at 1064 nm and 532 nm, along with (c) the L2 vertical feature mask (VFM) and (d) the results of the aerosol subtyping algorithm. These observations Fig. 5a show a smoke aerosol layer (brown) and an opaque water cloud layer (blue) as detected by the standard CALIOP L2 layer detection algorithm, which is applied to the 532 nm data only. However, in the 1064 nm profile shown in Fig. 5b , the base of the smoke layer is seen to extend down to the top of the water cloud. Below about 2.5 km, the 532 nm signal levels of this layer fall below the detection threshold, and thus the lower part is not successfully detected by the standard data processing. The 1064 nm signal routinely penetrates further into smoke layers because the extinction of smoke aerosols is typically 2-3 times smaller at 1064 nm than at 532 nm. However, the standard L2 extinction retrieval is only applied in those regions where a layer was detected in the 532 nm profile; i.e., in this example between ∼ 4.5 km and ∼ 2.5 km. Since this same "retrieve in detected layers only" restriction is applied at both wavelengths, and since V3 layer detection is only done at 532 nm, extinction coefficients at 1064 nm are likewise only retrieved between ∼ 4.5 km and ∼ 2.5 km. The averaged 532 nm aerosol extinction profile from the L2 profile products (brown) is shown in Fig. 5c .
The OWC constrained retrieval is initiated at a fixed altitude of 8 km and continues downward to an altitude ∼ 0.2 km above the apparent cloud top determined by the L2 processing. The OWC constrained retrieval is performed iteratively, using a set of trial values of lidar ratio to generate extinction profiles via Eq. (1). A lidar ratio solution is determined as the value that produces the best match between the integrated extinction profile retrieved from above the water cloud and the OWC AOD. An extinction profile retrieved using the OWC AOD as a constraint is also presented in Fig. 5c (light green). The OWC-constrained retrieval successfully captures the lower part of the smoke layer that is missed in the L2 processing. Above the smoke layer (∼ 4.2 km) the retrieved extinction varies largely due to noise and at a level comparable to the calibration error. After the aerosol extinction is retrieved, particulate depolarization ratio (PDR), another aerosol intrinsic property, can be retrieved from the two mea- 1064 nm (b) . The dashed lines in these panels show the corresponding molecular backscatter profiles. Panel (c) shows the aerosol extinction profiles at 532 nm obtained from the standard L2 profile products (brown line) and retrieved in this paper using the OWC constrained technique (light green line). In both cases the retrievals were applied to a sequence of 5 km averaged L1 profiles, which in turn were averaged further for 4 consecutive 5 km profiles around 10 • S, as shown in Fig. 4 . Brown and blue coloring in panel (a) indicate the data segments detected as aerosol and cloud in the standard L2 data processing. sured polarization components of backscattered signals at 532 nm using
where δ m is the molecular depolarization ratio, with a value of ∼ 0.0036 for the spectral bandwidth of the CALIOP receiver . In this paper, retrievals using the OWC technique are performed on CALIOP V3 L1 attenuated backscatter profiles, averaged horizontally to 5 km. Fifteen recalibrated L1 profiles are averaged to create each 5 km profile. V3 VFM products are used to identify feature locations and find OWCs. The OWCs selected for constrained retrievals are (1) single layered with (2) top heights less than 2 km for which (3) opaque water clouds are detected in all 15 single-shot profiles within each 5 km average, and the standard deviation of these 15 single shot top heights is less than 50 m. Criterion #3 ensures that the cloud tops were relatively uniform throughout the 5 km horizontal extent. The selected OWCs are then sorted into two subsets: those with aerosols located above the clouds and those without (based on the VFM and with |ASR| < 0.05). Imposing a criterion of |ASR| < 0.05 ensures that the AOD above the clouds is less than ∼ 0.02, even for strongly absorbing aerosols such as smoke. The subset of OWCs with no overlying aerosols in a 2 • × 3 • (lat × long) grid box was used to calculate a reference which is used in Eq. (6a) to retrieve AOD from the subset with overlying aerosol. The results shown in Fig. 3 are based on the subset of the opaque water clouds without overlying aerosols.
Full column retrieval
The CALIOP feature detection algorithm, SIBYL, sometimes cannot successfully detect weakly scattering parts of an aerosol layer or lower parts of highly attenuating aerosol layers, as discussed earlier (see also Figs. 4, 5) . This causes the retrieved AOD to be biased low. To help evaluate the impact of potential failures in detecting the full extent of aerosol layers, we also performed full column (FC) retrievals, where the retrieval is initiated at a fixed altitude of 8 km and proceeds downward using a fixed lidar ratio. We use a set of fixed lidar ratios incremented by 5 sr (i.e., 40, 45, etc.) plus the modeled values used in the CALIOP L2 retrievals for different aerosol types. The FC retrieval differs from the CALIOP standard L2 retrieval in that the L2 extinction retrieval is only applied between the top and apparent base of the aerosol layers detected by SIBYL, whereas the FC retrieval is applied to the full vertical column extending from 8 km down to 0.2 km above the L2-identified top of the underlying OWC, including the aerosols that may have been missed by SIBYL. The FC retrieval is terminated at 0.2 km above the apparent top of the underlying OWC to avoid possible contamination of cloud edges in the aerosol retrieval. The starting altitude of 8 km was chosen because the transported aerosol in the two selected spatial domains appears to be confined below this altitude. For example, consider the smoke layer around 6.61 • S in Fig. 4 . Because of the large attenuation at 532 nm (Fig. 5a) , the attenuated backscatter coefficients in the lower part of the layer fall below the SIBYL detection threshold, and thus SIBYL detects the base of this layer at ∼ 3 km (Fig. 5c) . However, as seen in Fig. 5b , the true aerosol layer base appears to extend to the top of the underlying cloud at ∼ 1.5 km. For this example, the L2 re- AOD retrieved using the OWC technique with a location-dependent γ WC for aerosol layers located above the opaque water clouds, and (c) S a and (d) particulate depolarization ratio (PDR) retrieved using the OWC-retrieved AOD in (b) as a constraint. Shown in the second row of panels (e-h) are corresponding maps with data screening of ASR > 0.3 for the overlying aerosol layers (i.e., relatively weakly scattering aerosol layers are excluded). Panels (i) and (m) show the fraction of OWC retrievals relative to the total number of measurements in each grid, respectively, for all aerosol layers and moderately dense aerosol layers. The third row of panels (j-l) are corresponding maps using a constant γ WC, SS, NA (0.0270 sr −1 ) averaged over the spatial domain indicated by the red box. The bottom row of panels (n-p) are the difference of the corresponding quantities retrieved using a constant γ WC, SS, NA and a locationdependent γ WC, SS, NA . The size of each grid box is 2 • × 3 • (lat × long). The spatial variability in the intrinsic dust optical properties S a and PDR is seen to be larger for the retrievals that use a constant γ WC,SS,NA (k and l) than for those that use a location-dependent γ WC, SS, NA (g and h).
trieval is only applied to the upper part of this layer between ∼ 5 km and ∼ 3 km and hence misses the lower part of the layer between ∼ 3 km and ∼ 1.5 km and underestimate the AOD of the layer (e.g., see Kim et al., 2013 . Because the FC algorithm performs the retrieval from 8 km down to the cloud top at ∼ 1.5 km, the optical depths retrieved by the FC method provide a useful reference to diagnose and evaluate failures to detect the full extent of aerosol layers in the standard retrieval.
Results
Six years (2007) (2008) (2009) (2010) (2011) (2012) of CALIOP data from the two regions indicated in Fig. 1 have been analyzed using the OWC constrained technique. The analyses were restricted to nighttime measurements, as the solar background noise present in daytime measurements require signal averaging over longer distances (e.g., 20 km), which would require opaque clouds with corresponding larger horizontal extents and hence significantly reduce the total number of samples available. Re- AOD retrieved using the OWC technique with a location-dependent γ W C for aerosol layers located above the opaque water clouds, and (c) S a and (d) particulate depolarization ratio (PDR) retrieved using the OWCretrieved AOD in (b) as a constraint. Shown in the second row of panels (e-h) are corresponding maps with data screening of ASR > 0.2 for the overlying aerosol layers (i.e., relatively weakly scattering aerosol layers are excluded). Panels (i) and (m) show the fraction of OWC retrievals relative to the total number of measurements in each grid, respectively, for all aerosol layers and moderately dense aerosol layers. The third row of panels (j-l) are corresponding maps using a constant γ WC, SS, NA (0.0260 sr −1 ) averaged over the spatial domain indicated by the red box. The bottom row of panels (n-p) show the difference of the corresponding quantities retrieved using a constant γ WC, SS, NA and a location-dependent γ WC, SS, NA . The size of each grid box is 2 • × 3 • (lat × long). A significant location-dependent trend is seen in the smoke S a (j) retrieved using a constant γ WC, SS, NA .
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sults are presented and discussed in the following subsections.
Spatial distributions from OWC retrievals
Because accurate knowledge of γ WC, SS, NA is very important in the derivation of AOD using the OWC technique, in this subsection we examine the spatial variability of γ WC, SS, NA and its potential impact on the retrieved AODs. To obtain more insight we look into the spatial distributions of dust and smoke optical properties retrieved using the OWC technique. Figures 6 and 7 present 2 • × 3 • resolution maps of (a) the number of samples acquired, (b) mean AOD OWC , (c) mean S a and (d) PDR of aerosol layers using the OWC constrained retrieval technique, respectively, for the dust and smoke transport regions. AOD OWC was calculated using Eq. (6a) with a location-dependent γ WC, SS, NA . Panels smoke region is smaller than for the dust region because for the same extinction the backscatter at 532 nm is smaller for smoke than dust due to the difference in the lidar ratios. Panels (j) through (l) in each figure are the corresponding properties retrieved using a constant value of γ WC, SS, NA which was averaged over the entire red box for each selected spatial domain, and panels (n) through (p) are the differences between these retrieved properties using a location dependent γ WC, SS, NA (as in panels (j)-(l)) and a constant γ WC, SS, NA (as in panels (f)-(h)).
Most OWCs are observed just offshore over the northeastern and southeastern Atlantic, in the trade wind regions. As expected, AOD OWC is the largest in the coastal regions near the sources in northern and southern Africa and decreases gradually as dust or smoke is transported farther from the sources.
The S a retrieval is sensitive to errors and biases in the AOD OWC and to the noise in the above-cloud backscatter signals. This is especially noticeable when the overlying aerosol layers are optically thin, as will be discussed further in the following subsections. Partly due to this, we see large variations in the retrieved S a at the edges of the dust transport pathway (Fig. 6c) where AOD OWC is small (Fig. 6b) . We also see that the retrieved S a values are larger outside of the typical dust transport pathway, where the occurrence of dust is less frequent. The PDR, retrieved using Eq. (8) and shown in Fig. 6d , generally has smaller values north of ∼ 30 • N and south of ∼ 10 • N, which suggests that relatively large amounts of other aerosol types are present outside of the dust transport pathway. North of ∼ 30 • N the westerly wind (Fig. 1) can carry anthropogenic aerosols having large S a values from North America to the northwest coast of Africa. South of ∼ 10 • N, the southeasterly trade wind can bring biomass burning aerosol from central Africa to the tropical North Atlantic (Fig. 1) . At 532 nm, biomass burning aerosols (smoke) generally have S a values larger than dust, as seen by comparing Fig. 7c and g to Fig. 6c and g. The retrieved S a and PDR for dust are distributed more uniformly when weakly scattering aerosol layers are screened out using ASR > 0.3. This is as generally expected and instills confidence in our analysis results. Since a sizeable fraction of North Africa is covered by deserts, desert dust is a dominant aerosol type in this region all year long. During summer, the transport of dust over the Atlantic is usually confined to the free troposphere by two inversions and hence the dust size distribution can remain largely unchanged during the course of transport across the Atlantic Ocean (Maring et al, 2003) . More uniform distributions of mean S a and PDR are expected where dust is dominant. Large values (> 60 sr) are, however, still seen south of 10 • N, where the transported biomass burning aerosol is relatively dense and dominant. We note that while the mean S a shown in Fig. 6 has a relatively uniform spatial distribution, the individual values of S a averaged in each grid box vary considerably. As will be discussed in the next subsection (see Fig. 8 ), this variability in S a may reflect an underlying variability in the origin of different dust plumes. The relatively uniform distribution of the mean S a may simply indicate that, within each grid box, the probabilities of dust transport originating from different source regions are similar.
When a constant γ WC, SS, NA (or S WC ) is used, as in the previous work of Chand et al. (2009) and Sakaeda et al. (2011) , a larger spatial trend is seen both in the S a (Fig. 6k ) and the PDR (Fig. 6l) retrieved for dust. A more significant trend is also seen in the retrieved S a for smoke (Fig. 7k) . The large spatial trend in the retrieved S a especially in the smoke transport region when using a constant γ WC, SS, NA does not appear to be realistic and is correlated with the γ WC, SS, NA distribution in Fig. 3 , indicating that the large trend in the aerosol retrievals is actually an artifact introduced by the use of a constant γ WC, SS, NA . The use of a constant γ WC, SS, NA can overestimate smoke AOD by ∼ 0.1 near the source and S a by ∼ 10 sr in the northern part of the selected smoke region, while at the same time underestimating these properties in the southwestern part of the region. Burton et al., 2012 for more details about this validation campaign). Panel (a) is a composite plot made from the OWC constrained retrievals from the dust transport region (i.e., Fig. 8b ) and from the smoke transport region (i.e., Fig. 10b , with the sample number being scaled by a factor of 1/3). Note that each CALIOP sample was obtained for a layer extending from cloud top to 8 km, whereas each HSRL sample was measured for a 300 m range bin.
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Dust intrinsic optical properties
One-dimensional (1-D) and two-dimensional (2-D) histograms of the retrieved S a and PDR using a locationdependent γ WC, SS, NA within the spatial domain as defined by the red box over the dust transport region are presented in Fig. 8a-d . The distributions of the retrieved S a and PDR (Fig. 8c, d ) are somewhat asymmetric. The mean value of the dust lidar ratio distribution is 50.5 sr, with a median of 45.5 sr, a mode of 44.0 sr, and a standard deviation of 26.4 sr, while for the PDR distribution the mean is 0.222, the median is 0.277, the mode is 0.280, and the standard deviation is 4.24 (this large value is due to a few outliers that have huge values). When weakly scattering layers are screened out using ASR > 0.3, the S a and PDR distributions become more symmetric. The mean, median, mode and standard deviation of the screened S a data are, respectively, 45.1, 44.4, 43.3 and 8.8 sr, and, respectively, 0.281, 0.281, 0.283 and 0.044 for the screened PDR data. For either the screened or the unscreened data, the modeled S a value (40 sr) used to produce CALIOP V3 data is ∼ 10 % smaller than the OWC retrieved value (Fig. 8c) .
The dust S a values reported in this work fall well within the range of the natural variability of dust lidar ratios previously reported in the scientific literature. An earlier case study based on CALIOP measurements tracked a dust event that occurred on 17 August 2006 in North Africa and was subsequently transported across the Atlantic Ocean over the course of several days. The retrieved S a at 532 nm for this event was 41 ± 3, 41 ± 4, 41 ± 6 sr, respectively, at locations near the source, over the eastern and central Atlantic Ocean. The dust was moderately dense with its AOD at 532 nm decreasing from 0.6-1.2 near the source to 0.29 far from the source. The NASA LaRC's airborne HSRL ) measured a lidar ratio of 45.8 ± 0.8 sr and AOD of 0.08-0.09 for the dust transported into the Gulf of Mexico 10 days later. Another study using multiple years of the CALIOP measurements derived a S a distribution for opaque dust layers (AOD>∼ 2) over North Africa with a mean value of 38.5 ± 9.2 sr. It was shown that multiple scattering in these opaque dust layers can decrease the effective lidar ratio by 10 % or more relative to the semitransparent layers analyzed here with the OWC technique.
Shipborne Raman lidar measurements in May 2013 tracked the Saharan air layer across the tropical Atlantic (Kanitz et al., 2014) . A 532 nm S a of 45 sr was measured for aged dust that was ∼ 4500 km away from the North Africa, and 50 sr for dust ∼ 800 km off the coast of the North Africa. The layers observed ∼ 800 km off the coast were not pure dust, but instead were dust mixed with smoke which generally has higher S a values than dust. Over dust source regions in Morocco, S a was observed in a range of 38-50 sr by an airborne HSRL for pure dust over Morocco during the SAMUM 2006 campaign ). Meanwhile, a range of 53-55 ± 7 sr was observed for selected dust events by ground-based Raman lidars operated at the airport of Ouarzazate in Morocco . Back trajectory analyses show that the observed variability in lidar ratio is primarily attributable to differences in source regions. The large deviation of S a retrieved in this study (Fig. 8a, c) may partly reflect the dependence of the dust optical properties on the sources. Computations based on in situ measurements and AERONET retrievals (Cattrall et al., 2005; Schuster et al., 2012 ) also produce dust S a values that vary from ∼ 40 sr to ∼ 55 sr depending on the observation sites. In the remote transport sites in the Gulf of Mexico and the Caribbean Sea, S a values measured by the LaRC HSRL for an apparently pure dust (depolarization ratio of 0.31-0.33) transported from the North Africa range from 45 to 51 sr (Burton et al., 2013) .
PDR is another intrinsic optical property of aerosols. Dust generally has relatively large PDRs due to the irregular shapes and large sizes of dust particles compared with other types of aerosol. Pure dust can have a PDR larger than 0.3. As with the lidar ratios, the dust PDRs reported in this work are consistent with previously reported values. The PDR obtained in the CALIOP case study mentioned earlier ) is ∼ 0.32, and this remained nearly unchanged during the course of the dust transport from the source into the Gulf of Mexico. For a four month data set of CALIPSO measurements, the PDR retrieved for all single dust layers with optical depths greater than 0.1 over the North Africa has a mean value of 0.3 ± 0.07 . The PDR value measured at 532 nm for pure dust layers during the SAMUM 2006 campaign is 0.31 ± 0.03 Esselborn et al., 2009 ). In the Caribbean Sea, the transported pure Sahara dust has PDRs ranging from 0.30 to 0.35 (Burton et al., 2013) . The retrieved PDR for the relatively dense aerosol layers (ASR > 0.3) over the North Atlantic reported in this paper has a median value of 0.281 ± 0.044, indicating that these aerosol layers are dominated by dust particles. For the weakly scattering layers (refer to Fig. 6) , the retrieved S a tends to be larger and PDR tends to be smaller, implying that the relative concentration of dust particles is smaller compared with the optically thick cases. These optically thin layers are most likely mixtures of dust and continental pollution or biomass burning smoke.
For comparison we present in Fig. 9b the measurements made by the LaRC HSRL during nine CALIOP validation flights during 11-28 August 2010 over the Caribbean Sea. Based on the classification scheme by Burton et al. (2012) , four major modes are seen -dust (North Africa origin), marine, a mixture of dust and marine, and urban/smoke. In addition, there is a transitional leg between the urban/smoke mode and the marine + dust mode which can be a mixture of these two types of aerosol. Shown in Fig. 9a is a composite distribution made from the OWC constrained retrieval for the spatial domain along the Saharan dust transport pathway over the North Atlantic (i.e., Fig. 8b ) and for the spatial domain along the smoke transport pathway over the South Atlantic (i.e., Fig. 10b ). The OWC retrieved distribution is seen to compare very well with the HSRL measured distribution for dust, although the PDR measured by CALIOP is noisier than that by HSRL. The mode values for the dust S a and PDR measured by HSRL are ∼ 44.5 sr and ∼ 0.315, respectively. Figure 10 shows results from the spatial domain indicated by the red box in Fig. 7 . The S a values retrieved using AOD OWC as a constraint have mean/median/mode values of 74.8/71.8/69.8 ± 26.5 sr for all the data and 70.8/70.4/69.6 ± 16.2 sr for screened data. The S a distribution in the smoke region (Fig. 7g) is not as uniform as in the dust region (Fig. 6g) even after screening out weakly scattering layers. Unlike North Africa, where the landmass is largely desert and desert dust is a dominant aerosol type, in central and southern Africa, the human population density is higher and the surface type is more variable. While smoke is the dominant aerosol type during the austral winter, when biomass burning is active, several other types of anthropogenic aerosols can also be present in non-negligible amounts during this time period.
Smoke intrinsic optical properties
Smoke from biomass fires is dominated by submicronsized particles, frequently containing internally mixed black carbon (Reid et al., 2005 , Li et al., 2003 , and produces low PDR and high S a at 532 nm (Müller et al., 2007; Omar et al., 2009; Burton et al., 2013) . Smoke S a and PDRs can vary depending on the type of fire, the combustion source and the age of the smoke. The S a values retrieved in this study are consistent with the case study presented in that used the OWC constrained technique and obtained an S a of 66 ± 6 sr for a smoke layer transported from the southern Africa biomass burning region. Our retrieved values are also consistent with values retrieved during the SAFARI 2000 field campaign in northeastern South Africa. Values of 50-90 sr were retrieved from micro-pulse lidar observations of dense smoke The PDR values retrieved in the smoke region are typically smaller than 0.1, with mean/median/mode values of 0.043/0.036/0.041 ± 0.64 for all smoke layers analyzed and 0.038/0.036/0.041 ± 0.026 for the layers with ASR > 0.2. Irrespective of aerosol type, the PDR calculation can be biased significantly by noise when the aerosol layer is weakly scattering. The standard deviation computed from all the analyzed smoke layers is large (0.64), but is reduced to 0.026 when weakly scattering layers are screened out. The PDR distributions appear to be non-Gaussian with a positive skewness. Internally mixed potassium salts and organic particles are the predominant components in the smoke from the African biomass burning, and the smoke particles undergo hygroscopic growth, reaction and transformation (Reid et al., 2005) . Although dominated by fine mode particles, large complex chain-like soot aggregates and aggregates of fine particles have been observed in the smoke from the biomass burning in the southern Africa (Li et al., 2003) . Unlike the surrounding fine mode particles, these large nonspherical particles can strongly depolarize the incident photons and the depolarization ratio of measured backscatter signals from smoke varies depending on the fraction of nonspherical particles (Martins et al., 1998; Murayama et al., 2004; Sun et al., 2013) .
The OWC smoke retrieval compares well with the urban/smoke category measured by HSRL during the Caribbean 2010 campaign shown in Fig. 9b . Although the distribution for the urban/smoke category is complex because of the mixing with marine and dust, the mode values for S a and PDR are ∼ 69.5 sr and ∼ 0.025, respectively, consistent with the OWC retrieved mode values.
CALIOP L2 AOD evaluation
In this subsection, we attempt to evaluate above-cloud AOD produced by the CALIOP L2 standard retrieval and estimate an error budget based on the analysis of the two selected regions. Figures 11 and 12 present comparisons of the analysis results where the OWC retrieval is considered to be "truth". For the dust transport region, as shown in Fig. 11a , the majority of AOD L2 -AOD OWC scatter falls on a line with a slope of ∼ 0.75 (the fit curve is not shown). The mean value for AOD L2 is 0.183 (Fig. 11f) , which is 25.9 % smaller than the mean value of AOD OWC (0.247). We examine the factors that may contribute to this discrepancy and estimate an error budget. In the L2 retrieval, the lidar ratio sometimes needs to be adjusted when the retrieval diverges and becomes unstable . Such cases rarely oc- cur in the dust region (∼ 2.5 % of the retrievals), and are hereafter excluded to simplify the remaining analysis. The CALIOP aerosol classification (Fig. 11e ) is dominated by "dust" (contributing 91.4 % of the total AOD), followed by "polluted dust" (8.5 %), consistent with expectations for the area. Assuming that any aerosol type in this region other than "dust" is a misclassification, rescaling the extinction of all non-"dust" range bins using Eq. (3) decreases the AOD by only 0.006. This accounts for only 9.4 % of the AOD discrepancy. This small change indicates that the CALIOP L2 algorithms have been largely successful in correctly identifying the above-cloud aerosol type as "dust" in this region.
As mentioned earlier, the FC retrieval using a fixed S a can provide insight into the error due to the failure of the L2 algorithms to detect the full vertical extent of aerosol layers. The mean AOD from the FC retrieval using the modeled S a,model value (40 sr) for "dust" (AOD FC,model ) is 0.202, which is larger than that for the rescaled L2 AOD (AOD L2,rescaled = 0.177) by 0.025, but still smaller than AOD OWC by 0.045. We note that AOD L2,rescaled was derived by scaling all other aerosol types to "dust" using Eq. (3). Therefore, the difference between AOD FC,model and AOD L2,rescaled is mainly due to the failure to detect the full extent of the aerosol layers (e.g., due to inherent detection limits). The failure to detect those parts of the aerosol layer(s) that lie below the CALIOP detection limit may contribute under half (39.1 %; see Tables 1 and 2 ) of the total AOD discrepancy. From Fig. 11d we can see that the difference between AOD L2,rescaled and AOD FC,model comes mainly from the extinction retrieval at lower altitudes. Below 1 km there may be some contamination by cloud edges. Although the L2 algorithms fail to detect the aerosol above about 7 km (Fig. 11d) , the aerosol loading here is very small and does not contribute significantly to the column AOD. Small differences between the L2 and FC profiles below 2 km indicate the L2 algorithms are doing a moderately good job of detecting the base of the dust layer. The standard CALIOP modeled S a,model for dust (40 sr) is ∼ 10 % smaller than the OWC retrieved value (Fig. 8c) . Differences in S a have a nonlinear effect on the retrieved AOD, and thus this 10 % disparity in S a contributes the majority (70.3 %) of the total AOD discrepancy. Table 1 compares all AOD retrievals for the dust transport region. Table 2 shows the error budget estimated for AOD L2 in the dust transport regions along with the error budget in the smoke transport region that will be discussed in the next paragraph.
In the smoke transport region, the L2 AOD retrieval is not as successful as in the dust transport region. There are two branches in the AOD L2 -AOD OWC distribution (Fig. 12a) . As seen in Fig. 12f and Table 3 , the L2 smoke AOD is 0.191, which is smaller than the smoke AOD OWC (0.311) by 38.6 %. As seen in Fig. 12e , the dominant aerosol type in the re- gion, as classified in the CALIOP L2 product, is "smoke" (83.3 % by AOD), which is expected. The next most common type is "polluted dust" (8.4 %), followed by "marine" (4.5 %) and "polluted continental (3.9 %). "Polluted dust" is possible for this area. However, "marine" aerosols are unlikely to be found above the boundary clouds in this region, and these misclassifications have been traced to a coding error within the aerosol subtyping module. Rescaling the extinction coefficients of those aerosols classified as types other than "smoke" increases the mean AOD by 0.031 to 0.222, which corresponds to 25.8 % of the total AOD discrepancy. The lower branch in the AOD L2 -AOD OWC distribution dis- appears almost entirely after the rescaling, indicating that the lower branch is due mainly to the subtyping error. AOD FC, model for the FC retrieval using a modeled S a, model of 70 sr for "smoke" is 0.314, larger than the OWC AOD by only 1 %. This implies that a failure to detect the full extent of the aerosol layers lying above the clouds, whether due to inherent detection limits or algorithm deficiencies, is responsible for 76.7 % of the AOD discrepancy. The FC retrievals suggest that the L2 layer detection scheme detects the upper parts of the smoke layers fairly well, but fails to detect a significant fraction of the aerosol below ∼ 3 km (Fig. 12d) . Smoke aerosols typically have large absorption at visible wavelengths, which increases detection difficulties as the signal penetrates into the lower part of a layer (see also the example in Figs. 4 and 5) . Misdetection of aerosol layer bases, and to a lesser extent layer tops, thus appears to be the main cause for the AOD differences for the case of smoke above opaque clouds.
The S a values retrieved using AOD OWC as a constraint have a mean/median/mode value of 70.8/70.4/69.6 ± 16.2 sr for the screened smoke data. The modeled S a,model value of 70 sr ) thus appears to be appropriate and representative for the transported smoke when compared with the OWC-constrained S a (Fig. 12f) . While the mean values for AOD OWC and AOD FC, model are very close, AOD OWC appears to be a little bit larger than AOD FC,model for smaller AODs and somewhat smaller for larger AODs (Fig. 12c and  f) .
The above-cloud aerosol cases evaluated by Kacenelenbogen et al. (2014) were generally optically thin and observed mostly during daytime. Under these conditions, failure to detect the full extent of entire layer of aerosols is a major cause of errors, as the signal levels from these tenuous aerosol layers frequently lie below the detection limit of the layer find-ing algorithm. As a result, the CALIOP standard data processing can sometimes substantially underestimate the daytime occurrence frequency of aerosol.
Further comments about dust lidar ratio
To help evaluate CALIOP AOD retrievals, comparison studies have been performed using AERONET measurements (e.g., Amiridis et al., 2013 , Schuster et al., 2012 and groundbased Raman lidar measurements (e.g., Tesche et al., 2013) . These comparison studies have provided many details useful for a better understanding of the CALIOP AOD retrieval uncertainties. In general, these studies show that the CALIOP V3 retrievals typically underestimate dust AODs, and are in general agreement with the results presented in this work. Wandinger et al. (2010) , Amiridis et al. (2013) , and Tesche et al. (2013) found that the CALIOP retrieved dust backscatter is in good agreement with the ground-based measurements near the source and in Europe but the retrieved dust extinction is underestimated. These authors have suggested using a dust lidar ratio of 56-58 sr, along with the appropriate correction for multiple scattering in order to produce an extinction retrieval which would provide the best match to the AERONET and/or ground-based lidar measurements in their selected spatial domains. Wandinger et al. (2010) suggested that their observed 25-35 % underestimate of extinction in the CALIOP retrieval was explained by multiple scattering. In this section we show that, because of the nonlinear dependence of the AOD retrieval on lidar ratio Young et al., 2013) , an increase of ∼ 10 % in the lidar ratio will increase the retrieved AOD by ∼ 26 % and thus match the derived OWC AOD. Any necessary correction for multiple scattering appears to be small. The following relationship between the error in AOD and error in S a is given in Winker et al. (2009) 
where τ = τ + τ is the retrieved AOD and τ is the true AOD, S a is the aerosol lidar ratio and S a is the lidar ratio used in the retrieval. For small optical depths, the relative error in optical depth is roughly proportional to the relative error in lidar ratio, τ/τ = S a /S a . As the optical depth increases, the relative error in optical depth increases faster than that in lidar ratio. We note that while Eq. (9) was originally derived under assumption that the aerosol layer is dense or moderately dense, it appears to be equally applicable throughout the whole parameter space considered in this paper. A more rigorous analysis of extinction error propagation and parameter sensitivities can be found in Young et al. (2013) . Figure 13 presents 2-D distributions of FC-retrieved AODs using S a = 40, 45, 50, 55 and 60 sr vs. OWC-retrieved AODs for the same data set for the dust transport region (JJA 2007 (JJA -2012 , along with the corresponding extinction profiles. The blue lines in panels (a-e) indicate the relation expected for a linear scaling, with a slope of S a /S a,OWC . The broken red lines represent the AOD, τ = τ + τ , numerically calculated using Eq. (9). Approximately 10 iterations are required in the calculation to solve for τ , which appears on both sides of Eq. (9). It is seen from Fig. 13 that, the FC-OWC AOD distribution generally falls on the linear scaling line for the case of S a = 45 sr which is very close to the retrieved value (44.4 sr) or the cases for smaller AOD values. Significant deviation of the FC-OWC AOD distribution from the linear scaling line starts to occur in the S a = 50 sr case, for example, when OWC AOD ∼ 0.4. Such a nonlinear behavior becomes more significant and the retrieval becomes unstable more frequently as S a increases.
Nonlinear behavior is also seen in the extinction profiles (Fig. 13f) . The effect of a larger lidar ratio on the retrieved extinction profile increases more and more as the retrieval proceeds from top to bottom. In the FC retrievals, the correction for attenuation during the lidar signal inversion is terminated when the retrieved AOD is unreasonably large (e.g., > 5) to prevent the retrieval blowing up. For this reason, the FC extinction using S a = 60 sr is smaller than that using S a = 50 sr below ∼ 0.7 km. Figure 14 shows the mean AOD FC retrieved using different S a values as a function of S a . The corresponding data are listed in Table 4 . It is clear that the AOD retrieval is not linearly dependent on S a . For the FC retrieval using S a = 50 sr, for example, although S a is increased by 25 % compared with the retrieval using the CALIOP modeled value of S a,model = 40 sr, the retrieved mean AOD is increased by 66 %, ∼ 2.6 times the S a increase. Therefore, for a more accurate estimate of S a from the AOD ratio, the nonlinear dependence of AOD on S a must be taken into account. We note that the S a and AOD retrieved in this study are effective quantities which have not been corrected for potential effects of multiple scattering. To derive conventional values, consistent with airborne HSRL or AERONET measurements, S a and AOD should be corrected (i.e., divided by) the appropriate multiple scattering factor, η. Simulations show that the multiple scattering factor is generally around 0.9-0.95 for moderately dense dust layers ) consistent with Fig. 9 and can decrease to 0.8-0.85 for very dense cases (extinction coefficient > ∼ 2 km −1 ), although the appropriate value of η depends on particle size and the geometric thickness of the dust layer (Winker 2003) .
Summary
Validating all aspects of the CALIOP data products is an ongoing task for the CALIPSO team. In this paper, we evaluated CALIOP retrievals of aerosols above water cloud during nighttime, for which comparison data from independent sensors such as MODIS and AERONET are not currently available. We focused on two spatial domains, one along the African dust transport pathway over the North Atlantic and the second over the African smoke transport pathway across the South Atlantic. Six years of CALIOP data were analyzed. The analysis was limited to cases where opaque water clouds (OWCs) were present below the aerosol layers so that the OWC constrained retrieval technique could be used. In the standard CALIOP aerosol extinction retrieval, S a is assigned on a layer-by-layer basis by a scene classification algorithm that determines the most likely aerosol type for each layer. The layer extinction profile and AOD are then retrieved using the mean S a that characterizes the assigned aerosol type. When using this technique, a certain amount of AOD error is inevitable, simply because the lidar ratios within each aerosol type can have a fairly wide range of natural variability. The derived AOD estimates will be in error whenever the model mean S a is insufficiently close to the actual S a of the aerosol layer. On the other hand, the OWC method allows direct retrieval of lidar ratios, and thus enables measurement-based evaluation and improvement of the standard CALIOP aerosol models and retrieval techniques. In assessing the CALIOP lidar ratio models, the values obtained using the OWC-constrained technique are reasonably consistent (to within ∼ 10 %) with the CALIOP V3 model value for pure dust (40 ± 20 sr), and essentially identical to the CALIOP model value for biomass burning aerosol (70 ± 28 sr). For layers detected by the L2 processing within the dust transport region, the mean/median values for the full set of OWC-retrieved lidar ratios are 50.5/45.5 ± 26.4 sr. For the subset of aerosol layers having mean aerosol attenuated scattering ratios (ASR) above 0.3, the mean/median values are 45.1/44.4 ± 8.8 sr. For smoke detected within the smoke transport region, the mean/median lidar ratios are 74.8/71.8 ± 26.5 sr for all layers and 70.8/70.4 ± 16.2 sr for layers having ASR > 0.2.
Particulate depolarization ratios were also examined. The mean/median dust PDR values are 0.222/0.277 ± 4.24 for the full dust data set, and 0.281/0.281 ± 0.044 sr for all those dust layers with ASR > 0.3. The corresponding PDR values for smoke are 0.043/0.036 ± 0.64 for all smoke layers and 0.038/0.036 ± 0.026 for smoke layers having ASR > 0.2 When comparing the AOD reported in the CALIPSO Level 2 data products to the OWC-retrieved AOD, the retrieved L2 AOD underestimates the measured OWC AOD by 25.9 % in the dust transport region (0.183 for L2 vs. 0.247 for OWC). When partitioning the errors into a comprehensive error budget we find that the CALIOP aerosol subtyping algorithm performs well in the dust region during nighttime: 91.4 % of all layers are classified as "dust", with an additional 8.5 % of layers being classified as "polluted dust". Misclassification of aerosol subtype is thus responsible for a 9.4 % (overestimate) of the total discrepancy between the L2 and OWC retrievals, which compensates somewhat for the underestimates caused by other error sources. Failure to detect the full geometric extent of the dust layers is responsible for −39.1 % (negative sign indicating an underestimate) of the error budget. The largest contributor to the L2 underestimate of dust AOD is due to the difference between the CALIOP modeled dust lidar ratio and the OWC measured values. While the L2-modeled and OWC-measured lidar ratio values are different by only ∼ 10 %, the nonlinear relationship between S a and AOD results in lidar ratio differences being the root cause for −70.3 % of the L2 AOD underestimation.
The L2 aerosol retrieval generates a more substantial underestimate of AOD in the smoke transport region. The AOD underestimate is 38.6 % in the smoke transport region (0.191 for L2 vs. 0.311 for OWC), larger than that in the dust transport region. However, in the smoke region the differences between the L2-modeled and OWC-measured lidar ratios are negligible, thus make no meaningful contribution to the overall error budget (i.e., an overestimate of ∼ 2.5 %). Possible misclassification of aerosol subtype accounts for −25.8 % and the layer detection failure contributes the most (−76.7 %) to the underestimation of the L2 smoke AOD.
